Transforming growth factor (TGF)-β-induced epithelial-mesenchymal transition (EMT) leads to the formation of ocular fibrotic pathologies, such as anterior subcapsular cataract and posterior capsule opacification. Remodeling of the actin cytoskeleton, mediated by the Rho family of GTPases, plays a key role in EMT. However, how actin dynamics affect downstream markers of EMT has not been fully determined. Our previous work suggests that myocardin-related transcription factor A (MRTF-A), an actin-binding protein, might be an important mediator of TGFβ-induced EMT in lens epithelial cells. The aim of the current study was to determine the requirement of RhoA/ROCK signaling in mediating TGFβ-induced nuclear accumulation of MRTF-A and ultimate expression of α-smooth muscle actin (αSMA), a marker of a contractile myofibroblast phenotype. Using rat lens epithelial explants, we demonstrate that ROCK inhibition using Y-27632 prevents TGFβ-induced nuclear accumulation of MRTF-A, Ecadherin/β-catenin complex disassembly, and αSMA expression. Using a novel inhibitor specifically targeting MRTF-A signaling, CCG-203971, we further demonstrate the requirement of MRTF-A nuclear localization and activity in the induction of αSMA expression. Overall, our findings suggest that TGFβ-induced cytoskeletal reorganization through RhoA/ROCK/MRTF-A signaling is critical to EMT of lens epithelial cells.
a similar fibrotic wound-healing response in the lens that results in a primary cataract, known as anterior subcapsular cataract (ASC) (12, 13) .
Transforming growth factor (TGF)-β has been implicated in ASC and PCO, and both its active and latent forms have been detected in the aqueous humor of the anterior chamber of the eye (14, 15) in response to surgical or accidental injury (16) (17) (18) (19) (20) . A role for TGFβ in ASC and PCO has also been shown experimentally in a number of animal models. For example, treatment of excised whole rat lenses with TGFβ disrupts the normal architecture of the anterior lens and results in characteristic changes associated with the conversion of lens epithelial cells into mesenchymal cells, indicative of ASC formation (21, 22) . Similarly, treating ex vivo rat lens explants with TGFβ triggers EMT and the formation of spindle-shaped cells immunoreactive to αSMA, a marker of a contractile myofibroblast phenotype (15, 23, 24) . During EMT, TGFβ induces dramatic cytoskeletal reorganization, prioritizes offering cataract surgery to those in need, further increasing the number of cataract surgeries performed. Cataract surgery, however, is not without its problems and can lead to secondary loss of vision, also known as posterior capsule opacification (PCO) (for review; 3,4). PCO involves a fibroproliferative response in which remnant lens epithelial cells found in the capsular bag after surgery proliferate and migrate to the posterior capsule, where they undergo epithelial-mesenchymal transition (EMT). Ocular trauma (5,6), implantable contact lenses (7, 8) , and diseases such as atopic dermatitis (9, 10) and retinitis pigmentosa (11) can also trigger
INTrODUCTION
Cataract is an opacification of the ocular lens that results in obstruction of light and gradual loss of vision, and it continues to be the leading cause of blindness worldwide, affecting nearly 20 million people (1,2). Cataract surgery in developed countries is the most common operative procedure performed, while effective treatment is not readily available in economically developing countries. Consequently, in reaching the target of reducing avoidable visual impairment by 25% by the year 2019, the World Health Organization has outlined a global eye health action plan that rhoA/rOCK Signaling regulates TGFa-Induced Epithelial-Mesenchymal Transition of Lens Epithelial Cells through MrTF-A implicating the Rho family of GTPases, which are involved in regulating actin polymerization. Activated RhoA, bound to GTP, signals through its two effectors, Rho-associated coiled-coil-forming protein serine/threonine kinase (ROCK1 and 2) and mammalian diaphanous homologs (mDia1 and 2), which are both required for assembly of actin stress fibers and focal adhesions in the promotion of actomyosin contractile force generation (25) . The involvement of RhoA signaling through ROCK in TGFβ-induced EMT has been demonstrated in a number of in vitro and in vivo animal systems (26) (27) (28) (29) (30) (31) . In lens epithelial cells, TGFβ induces RhoA activation with a corresponding increase in actin stress fibers and focal adhesions (32) . Further, RhoA/ROCK signaling has been implicated in TGFβ-induced αSMA expression in mouse lens epithelial cells (27) ; however, the mechanism by which RhoA/ROCK signaling is linked to the expression of EMT-related markers has not been fully defined.
Rho-induced actin polymerization is monitored and then relayed to the nucleus through actin-binding proteins, specifically myocardin-related transcription factors (MRTFs). These transcription factors have been implicated in EMT (33) (34) (35) (36) (37) (38) ; however, little is known about their role in the lens (39) . The two isoforms, MRTF-A and -B, are widely expressed in numerous tissues, where they are normally bound to monomeric actin (G-actin). Upon actin polymerization, G-actin is incorporated into stress fibers as filamentous actin (F-actin), leading to free MRTF accumulating in the nucleus. Nuclear MRTF forms a complex with serum response factor (SRF) activating transcription of cytoskeletal genes associated with EMT, including αSMA (34, (40) (41) (42) . Indeed, TGFβ has been shown to stimulate nuclear accumulation of MRTF-A in several organ fibrosis models (38, 43, 44) , including in recent work from our group showing TGFβ-induced nuclear localization of MRTF-A in lens epithelial cells (39) . However, whether TGFβ-induced changes in MTRF-A in the lens are ROCK-dependent is not known.
Understanding the mechanisms involved in TGFβ-induced EMT is critical in the development of therapeutic strategies for various fibrotic diseases, including ocular fibrotic pathologies such as ASC and PCO. Therefore, using lens epithelial explants, the current study examines RhoA/ROCK signaling in the context of TGFβ-induced cytoskeletal remodeling. In particular, we seek to determine whether TGFβ-induced nuclear accumulation of MRTF-A is ROCK-dependent and required for expression of αSMA.
MATErIALS AND METHODS reagents
Recombinant human TGFβ2 and inhibitor CCG-203971 were obtained from R&D Systems. Y-27632 was purchased from Calbiochem. Primary antibodies were: E-cadherin from BD Transduction Laboratories; active β-catenin (clone 8E7) from Millipore; myosin light chain (phospho S20), pan actin [2Q1055], and GAPDH from Abcam; MRTF-A from Santa Cruz Biotechnology; and αSMA fluorescein isothiocyanate (FITC) conjugated and unconjugated from SigmaAldrich. All secondary antibodies for immunofluorescence staining were purchased from Invitrogen, while secondary antibodies for Western blots were obtained from LI-COR Biosciences.
Ex Vivo rat Lens Epithelial Explants: Preparation and Treatment
Lens epithelial explants were obtained from 17-to 19-d-old Wistar rats (Charles River Laboratories), as previously described (45) . Briefly, rat lenses were isolated and placed in 35 mm culture dishes containing prewarmed serum-free medium M199, supplemented with antibiotics (all from Invitrogen). The posterior suture of the lens was located and a small incision was made to remove the posterior capsule. This revealed the fiber mass, which was then gently peeled off the anterior epithelium. Once separated, the epithelium was then pinned to the culture dish with a blunt tool, exposing lens epithelial cells to culture medium. After 24 h, confluent epithelial explants were left untreated in serum-free M199 or treated with TGFβ2. For ROCK inhibitor studies, lens explants were pretreated with Y-27632 (20 μM) (46) for one hour, followed by cotreatment with TGFβ2 (4 ng/mL) for 48 and 72 h. For MRTF-A inhibition studies, CCG-203971 was dissolved in dimethyl sulfoxide and lens explants were pretreated with CCG-203971 (5 μM) for one hour, followed by cotreatment with TGFβ2 (4 ng/mL) for 48 h. Untreated explants for CCG-203971 studies were incubated in dimethyl sulfoxide (0.1% 
Immunofluorescence Staining
Lens explants were fixed with 10% neutral buffered formalin for 15 min and washed with phosphate-buffered saline (Invitrogen). Explants were then detached from their culture dish and immersed in permeabilizing buffer (0.1% Triton X-100, 0.5% sodium dodecyl sulphate, and 5% donkey serum) for one hour at the bottom of their own 12 × 75 mm glass culture tube. Primary (overnight at 4°C) and secondary (1.5 h at room temperature) antibody incubation, as well as phosphate-buffered saline washes were carried out in these tubes under gentle agitation, ensuring that explants were always immersed in a small volume of solution at the bottom of the tube. Following the last set of washes, explants were flattened onto a slide and mounted in Prolong Gold antifade reagent with DAPI (Invitrogen) to visualize nuclei. Immunostained explants were analyzed using a Zeiss Apotome inverted microscope or a Leica DMRA2 fluorescence microscope equipped with a Q-Imaging RETIGA 1300i FAST digital camera. All immunofluorescence images were taken TGFβ-treated lens explants were rich in cytoplasmic actin filaments that stained positively for phosphorylated MLC, a mark of actomyosin contractility (Figure 1 ). In contrast, control and TGFβ + Y-27632-treated explants showed a distinct absence of actin filaments, instead exhibiting both diffuse cortical actin and phosphorylated MLC staining, indicating an inhibition of ROCK signaling.
Next, explants were immunostained for rhodamine-phalloidin, which revealed that TGFβ treatment triggered polymerization of actin into F-actin-containing stress fibers positive for αSMA ( Figure 2A ; n ≥ 5 per treatment). Not all F-actin fibers within lens cells colocalized with αSMA; however, the large proportion that did are suggestive of a contractile, myofibroblast phenotype. In the presence of Y-27632, these effects of TGFβ were prevented, where lens epithelial cells did not exhibit detectable F-actin or αSMA staining. To quantify the previous finding, Western performed post hoc (GraphPad Prism, version 6.0). Exact p values are reported and considered significant when p <.05.
rESULTS

Inhibition of rhoA/rOCK Signaling Prevents TGFa-Induced Actin Polymerization and Expression of `SMA
To investigate the role of RhoA/ROCK signaling in TGFβ-induced EMT in the lens, rat lens explants (n ≥ 5 per treatment) were treated with TGFβ for 72 h in the presence and absence of a ROCK inhibitor, Y-27632. This compound targets the ATP-dependent kinase domain of ROCK1 and 2. One of the primary roles for ROCK, and the role of interest, is its regulation of actin-myosin cytoskeletal organization mediated through phosphorylation/activation of myosin regulatory light chains (MLCs). Immunofluorescence staining revealed that from the center of the explant and were representative of the entire explant. All images in figures labeled "Control" are representative of both untreated and inhibitor-only-treated explants. Images were captured using OpenLab software 4.0, and minor adjustments in brightness/contrast were made using Adobe Photoshop CS3. MRTF-A nuclear localization was analyzed using Fiji image processing software (47), where nuclear MRTF-A fluorescence intensity was measured and normalized to cytoplasmic fluorescence. Nuclear/cytoplasmic ratios were reported relative to untreated control ratios.
Western Blot
Lens explants (n ≥ 5 per sample per experiment) were pooled and lysed in Triton lysis buffer (50mM Tris, pH 8.0, 150mM NaCl, 1% Triton X-100) with cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail (Roche). Equal amounts of total protein were loaded on a gel, as determined by DC Protein Assay (Bio-Rad), and sodium dodecyl sulfate polyacrylamide gel electrophoresis was performed. Resolved bands were transferred onto a nitrocellulose membrane. Membranes were blocked with Odyssey Blocking Buffer (LI-COR Biosciences) for one hour and incubated with unconjugated αSMA or E-cadherin and GAPDH primary antibodies overnight at 4°C. Blots were washed in Tris-buffered saline with Tween-20 (1%) and probed with corresponding secondary antibodies. Densitometry on visualized bands was performed using Fiji image processing software, where each band was normalized to its corresponding GAPDH band. GAPDH-normalized values were reported as a fold reduction in αSMA or E-cadherin expression relative to TGFβ-treated controls (equal to 1).
Statistical Analysis
Data are expressed as means ± standard error of the mean (SEM), and statistical significance was determined by two-way analysis of variance (ANOVA) with Tukey's multiple comparisons test 
TGFa-Induced Disruption to E-Cadherin-Based Adherens Junctions Is rOCK-Dependent
The E-cadherin/β-catenin complex provides a direct link between cell-cell adhesion complexes and the actin cytoskeleton, therefore E-cadherin and β-catenin localization were assessed in our lens explants. It was found that TGFβ treatment resulted in a loss of E-cadherin staining from cell borders ( Figure 3A) , exhibiting a disorganized patterning that was associated with an increase in αSMA expression (data not shown). In comparison, untreated and Y-27632-treated explants exhibited E-cadherin staining that was localized to the cell membrane. Treating explants with TGFβ in the presence of Y-27632 prevented membranous E-cadherin loss and disorganization, resembling control explants (n ≥ 5 per treatment). Accordingly, TGFβ treatment also led to dissociation of β-catenin from the membrane, resulting in its cytosolic/ nuclear accumulation ( Figure 3B ), coinciding with induction in αSMA expression (data not shown). In contrast, in the presence of Y-27632, TGFβ treatment was unable to alter the localization of β-catenin, where it remained at the cell membrane, similar to control explants (n ≥ 5 per treatment).
MrTF-A Is a Downstream Target of rhoA/rOCK Signaling in rat Lens Explants
Our previous work in rat lens explants demonstrated expression and nuclear accumulation of MRTF-A in response to TGFβ treatment (39) . Therefore, we next sought to determine whether TGFβ-induced MRTF-A nuclear localization in lens explants is ROCK-dependent. In control explants, MRTF-A was predominantly localized in the cytoplasm with no detectable αSMA expression ( Figure 4A ). Treatment with TGFβ triggered distinct nuclear accumulation of MRTF-A ( Figure 4A, inset) , which was associated with increased expression of αSMA. In contrast, lens explants treated with TGFβ in the presence of Y-27632 exhibited cytoplasmic MRTF-A staining corresponding to an absence of αSMA, similar to controls (n ≥ 5 per treatment). Next, we quantified the ratio of nuclear-to-cytoplasmic fluorescence intensity of MRTF-A across the lens explant treatment groups. Accordingly, TGFβ-treated explants exhibited a nuclear-to-cytoplasmic ratio 20.7 ± 3.2-fold higher than untreated controls (p = .0012; Figure 4B ). In contrast, MRTF-A nuclear-to-cytoplasmic fluorescence intensity Further, the effects of CCG-203971 on E-cadherin and β-catenin localization were examined. It was found that treating explants with TGFβ in the presence of CCG-203971 prevented TGFβ-induced delocalization of E-cadherin ( Figure 7A ) and β-catenin ( Figure 7B ) from the cell membrane, where both adherens junction constituents exhibited distinct staining at sites of cell-cell contact (n ≥ 5 per treatment). Corresponding Western blot analysis on pooled explant lysates (n ≥ 5 per sample per experiment) using an antibody that recognizes the cytoplasmic domain of E-cadherin showed a 3.2 ± 0.9-fold induction in E-cadherin in the TGFβ + CCG-203971-treated group compared with TGFβ-treated explants (n = 3; Figures 7C and D) .
to a near depletion of G-actin pools from the nuclei, with some nonselective staining of G-actin incorporating into filaments. Interestingly, treating explants with TGFβ in the presence of CCG-203971 prevents G-actin pool depletion, and staining resembles that of control explants (n ≥ 5 per treatment).
Next, the effects of CCG-203971 on lens EMT were analyzed. Explants treated with TGFβ in the presence of CCG-203971 revealed cytoplasmic localization of MRTF-A with an absence of αSMA ( Figure 6A ). This was in contrast to explants treated with TGFβ alone, which, as seen in the above experiments, exhibited nuclear accumulation of MRTF-A and expression of αSMA. Western blot analysis on pooled explant lysates (n ≥ 5 per sample per experiment) confirmed a significant 6.85 ± 0.05-fold reduction in αSMA protein in the TGFβ with TGFβ treatment in the presence of Y-27632 was 39.8 ± 3.2-fold lower than explants treated with TGFβ alone (p = .001), not differing from controls.
Having established that TGFβ triggers nuclear accumulation of MRTF-A through RhoA/ROCK signaling, we next specifically targeted MRTF-A-mediated signaling using a novel inhibitor, CCG-203971, a derivative of CCG-1423. The advantages of CCG-203971 over the original compound are a significant reduction in cytotoxicity, with increased potency and selectivity (48) . To better understand how CCG-203971 affects actin dynamics, lens explants were stained with DNaseI, which selectively binds unpolymerized G-actin monomers ( Figure 5 ). Under untreated and CCG-203971-treated conditions, the majority of G-actin appears to be localized in the lens cell nuclei. In contrast, TGFβ leads ROCK-dependent signaling as a potential therapeutic target in a number of diseases, including cancer (49), asthma (50) , hypertension (51), corneal endothelial dysfunction (52) , and glaucoma (53) (54) (55) . In our model of lens EMT, as occurs in PCO and ASC, TGFβ stimulation of lens epithelial explants induced assembly of actin into pMLC-positive stress fibers, which along with coexpression of αSMA, indicates a transition to a myofibroblast phenotype. In the presence of Y-27632, TGFβ-induced stress fiber formation and actomyosin contractility were prevented and corresponded with an absence of αSMA expression. This finding suggests that polymerization of actin is required in order for αSMA to be incorporated into filaments. Our findings are in line with studies carried out in other epithelial systems reporting that RhoA signaling was indispensable to TGFβ-induced cytoskeletal remodeling (26, 28) and αSMA expression (28), as well as in mouse lens epithelial cell culture demonstrating that αSMA expression is ROCK-dependent (27) . Importantly, we have further extended these findings to show that ROCK-mediated stimulation of αSMA expression occurs via the actin binding protein MRTF-A.
Transcriptional activation and expression of αSMA is regulated by SRF along with its coactivators, the MRTFs. The subcellular localization of MRTF-A is tightly regulated by the ratio of G-to F-actin in the cell, as determined by the state of Rho-mediated actin polymerization. G-actin binds to the RPEL motifs on MRTF-A and, when bound, G-actin has been proposed to inhibit nuclear import, enhance nuclear export, and repress transcription of MRTF-A target genes (56) . Thus far, work in proximal tubular epithelial cells has been pivotal in determining the involvement of MRTF-A subcellular localization in the context of TGFβ-induced EMT (34, 37, 57) . Morita et al. (2007) demonstrated that the presence of constitutively active MRTF-A was sufficient to induce expression of αSMA, in contrast to dominant negative MRTF-A, the pathophysiology of fibrosis of the lens and other tissues. In this paper, we have identified a RhoA/ROCK signaling pathway that is required for TGFβ-induced EMT of lens epithelial cells using the ROCK inhibitor Y-27632. This compound has been widely used in the study of
DISCUSSION
Actin cytoskeletal reorganization is a phenotypic change widely associated with TGFβ-induced EMT. Understanding how actin dynamics affect downstream expression of EMT-related targets is critical to furthering our knowledge of of TGFβ and CCG-203971 coincides with a substantially higher level of G-actin localized to the nucleus when compared with the near depletion of G-actin pools observed in explant cells exclusively treated with TGFβ. This finding suggests that one of the ways in which CCG-203971 acts in our system is by retaining G-actin in lens cell nuclei, preventing the emergence of polymerized cytosolic filaments, and thus nuclear accumulation of MRTF-A, similar to mechanism (B) outlined above. The presence of CCG-203971 prevented TGFβ-induced αSMA expression, which demonstrates the critical nature of the balance of G-to F-actin in MRTF-A-mediated expression of αSMA. By preventing nuclear accumulation of MRTF-A, CCG-203971 is preventing transcriptional activation of MRTF-A/ SRF-regulated target genes.
In an earlier study in mouse lens epithelial cell explants, we demonstrated that TGFβ leads to delocalization of adherens junction constituents E-cadherin and β-catenin from the cell membrane, resulting in their disorganized patterning (45) . The current work demonstrates that this TGFβ-induced E-cadherin and β-catenin delocalization is ROCK/ MRTF-A-dependent, where both remained intact at the cell membrane in the presence of Y-27632 as well as CCG-203971. Similarly, in renal epithelial cells, the presence of Y-27632 following TGFβ treatment prevented TGFβ-induced adherens junction disassembly, including β-catenin delocalization and phosphorylation (30) . As well, activated RhoA has been shown to mediate disassembly of epithelial cell contacts, preferentially signaling through ROCK rather than mDia (63) . Based on the emerging role of E-cadherin-based adherens junctions as mechanosensors, it is possible that a RhoA/ROCK-mediated increase in cytoskeletal tension is sensed through cadherin-based contacts (64) . A compromise in cell-cell adhesion integrity can then lead to dissociation of β-catenin, which is involved in regulating the transcription of EMT-related genes (65) . Indeed, novel concurrent work in our lab downstream of RhoA (58) . CCG-1423 has been shown to decrease mesenchymal protein expression, including αSMA in podocyte EMT in diabetic nephropathy (59), while both CCG-1423 and CCG-203971 blocked matrix-stiffness and TGFβ-induced αSMA expression in intestinal fibroblasts (60) . The precise mechanism of action of these inhibitors has not been definitively established; however, it is suggested that they retain MRTF-A in the cytoplasm by: (A) binding the nuclear localization signal of MRTF-A, preventing nuclear import (61), or (B) inhibiting depletion of G-actin pools in the nucleus, resulting in nuclear export of MRTF-A (62). The observed cytoplasmic MRTF-A staining in our explants in the presence which prevented the TGFβ-induced decrease in expression of epithelial markers, including E-cadherin and β-catenin. Here we demonstrate that the presence of Y-27632 prevented TGFβ-induced nuclear accumulation of MRTF-A, which corresponded with the absence of αSMA, suggesting that in our lens explants, TGFβ signals through Rho/ROCK/ MRTF-A to induce expression of αSMA. Furthermore, subcellular localization of MRTF-A may act as an indicator of EMT.
To further corroborate our findings, a novel specific inhibitor of the MRTF-A pathway, CCG-203971, was used. This inhibitor is a derivative of CCG-1423, which was identified to inhibit an MRTF-A/SRF transcriptional reporter Figure 5 . CCG-203971 prevents TGFβ-induced nuclear G-actin depletion. Lens explants were treated with TGFβ (4 ng/mL) in the presence and absence of CCG-203971 (5 μM). After 48 h, explants were fixed and stained with DNase I, which selectively binds G-actin monomers, then mounted in medium with DAPI to colocalize nuclei. Scale bar = 100 μm.
EMT, culminating in the expression of αSMA, is regulated by actin dynamics through RhoA/ROCK/MRTF-A signaling. Specifically, TGFβ-mediated disassembly of the E-cadherin/β-catenin complex and subcellular localization of MRTF-A are ROCK-dependent and key role for RhoA/ROCK and MRTF-A signaling in regulating the integrity of adhesion complexes in response to TGFβ, essential in determining cell phenotype.
Overall, the current study in lens epithelial explants demonstrates that the progression of TGFβ-induced demonstrated that β-catenin-mediated signaling, specifically when in complex with CREB-binding protein, is required for TGFβ-induced EMT, outlining a manner in which the effects of EMT are propagated in a feed-forward loop (66) . Therefore, our findings demonstrate a 
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critical to TGFβ-induced αSMA expression. Our findings suggest that targeting MRTF-A activity downstream of ROCK may serve as a promising means of preventing TGFβ-induced EMT involved in fibrosis of the lens and other tissues.
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